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Arflp sequence blowing So 300 and occurs vtfrirt 
the domrinofAjdlpfgt shows hom otogy wfth hOE 
(74). To delete the complete STE23 aequenoe and 
oroats the«B23A=UFM3fiuation. poMnensecnaln 
reaction (PCR) prim (5'-TCGGAAGACCTCAT- 
I CI I UU I LA TTTTG^TATTGCTO- TGTAGATTG- 
TACTGAG^GTGCAC-y; and 5'-GCTACAAACAQC- 
GTCGACTTGAATGCCCCGACATCTTCQACTGT- 
GCGGTATTTCACACCG-3') were used to empty 
the URA3 sequence of pRS31 6. end the reaction 
product was tanstormed Into yeast torone-stepgene 
iepfacerrta< JR Ftothsteirt, Metfods BvymoL 194. 
261 (1 991]}. To create the arit o.vL£U2 mjtalion corv 
tahed on pi 14, a 5j0-kb Set I tragrnert from pAXL 1 
was otoned Into pUCi9. and an internal 4JZ-kb Hpa 
W0» I fragment was replaced with a LS/2 fragment 
To construct the xtB2$A tBJ2 a*ete (a deletion ccr- 
ii ap cndng to 931 amino acids} carried on pi 53, a 
LBJ2 feagment was used to replace the 2.6-fcb PmJ 
I-Ect136 1 fragment of S7E23, wnicn occurs within a 
&2-kt> Hind 0 genomic traomem carried on 
pSP72 (Promega). To create YEpMFAl, a 1.B-kb 
Bam HI fragment contartng Aff=A f, from pKKi6 (K. 
Kucnter. R & Sterne. J. Thomer. EMBOd 8, 3973 
09898. was lotted into the Bam HJ sfteofY£p35l p. 
E H3, A. M. Myers. T. J. Koerner. A. Tzagotoff. reasf 
2. 163(7986)}. 

24. J. Chant and L Herskowttz, CeJ7 65. 1203(1991). 

25. B. W. Matthews. Act Cham. Res. 21. 333 (1988). 

26. K. Kuchter, H. G. DoNrnan. J. Thomer ; J.Cet&oL 
120. 1203 (1993); R Kc*ng end C P. HoOenberg, 
EMBOJ. 13. 3261 (1994); C. Berkower. 0. Loeyza, 
S. Michaels. Mot Sot Cat 8. 1 185 (1994), 

27. A. Bander and J. R Pringte. flncc. Watt Acatf. Set . 
USA 86. 9976 (1989): J- Chant. K. Corrado. J. R 
Pringte, L Herskowta. Cat 65. 1213 (1991); S. 
Powers, E. Gonzales, T. Chrisiensen, J. Cuben. D. 
Broek. /bW.. p. 1225; H. O. Parte. J. Chant, I. Her- 
skowta. Alarum 365, 269 (1993); J- Chant. Trends 

Genet 10, 328 (1994); and J. R Pringte. J. 

CeBBiol. 129.751 (1995); J. Chant. M. Mbchke.E. 
MncheD, L HersKowta, J. R Pringte. bid., p. 767. 

28. a F. Sprague Jr. Methods. EtvymoL 194. 77 
(1991). 

29. Srgto l on er abbreviations for the amino acid resK 
dues are as foBows: A, Ala; C, Cys; D. Asp; E. Gkr. F, 
Phe; G. Gfy; H, His; I. Be; K. Lys; L. tfitc M, Met: N. 
Asn; P, Pro; Q. Gh; R Arg; S. Sen T, Thr; V, Val; W, 
TrpiandY.Tyr. 

30. A W303 1A demote, SY2S25 (MAT* i*b3-7 tou2-3. 
r 72 trp;- 1 ade2'lani-i00sstlb rrta2teRJSU tacZ 

search. SY2625 derivBtMS far the mating essays, se- 
creted prerornone assays, and the piJse^chase exper- 
iments induced the totowhg strains: Y49 (ste2?-7), 
Y115 (m*7AitHJBJ. V142 (atfJ.vUftAft Y173 
&nteLBJ2). Y220 (atf/rUW ste23A.:CR43). Y221 
(stfi23A::UB43), Y231 (fixt1tL±EU2 sta23A"l £U 2} t 
and Y233 tsra23&±£U3. MATo Derivatives of 
SY2625 hduded the toOowing strains: Y199 
(SY2625 made AM To), Y278 fsfa22-l). Y195 
(/nta1£^±BJ2). Y196 (axffa.via/% and Y197 
W1nURA3l.ThB&Zl?3<MATmloa2ira3trp1canl 
his4) genetic backgr o u nd was used to create a set of 
strains for analysis of bud site selection. £G1 23 de- 
rivatives- friduded the Mowing strains: YT75 
{axtl&rLBJZ), Y223 {**H:.VRAJl, Y234 frfa£3Ar 
L&B). and Y272 1flxt1A::LBJ2 stettteLEUQ 
MATtx derivatives of EG 123 Included the tofowmg 
strains: Y214 {EG 123 made MA 7a) and Y293 
(sxfl&&£l/2). AS strains ware generated by means 
of standard genetic or molecular rnetrods tavoMng 
the appropriate constructs (23). In particular, the *c/7 
ste23 double mutant strains were creeled by cross- 
ing of the appropriate AM 7* ste23 and MAT a axtl 
mutants. toQowed by sporutatton d the resuftant rjp- 
bid and tsotaaon of the double mutant from nonpe- 
rental rj-type tetrads. Gene dsnjptiora were con- 
firmed either PCfl or Southern (DNAJ analysis. 
31. p1 29 is a YEp352 (J. E HI. A M. Myers, T. J. Ko- 
erner, A Tzagctofl, Yeast 2. 1 63 (1 986)] piasmid con- 
taining a 5.5-kb Sal I fragment of p4XU. P151 was 
derived from pl29 by rearton of a Wear at theBgtl 
sie wiihh AXL 1 , vUiich led to an irvfreme insertion of 
the hemagglutinin (HA) epilope pOVPTDVPOYA) (29) 
between amho acids 854 and 855 of the AXL 1 prod- 



uct pC225 Is a KS+ 6h atd Utf^ptasrri^cc nta rnfn B 
a 034ibBamH>-Sst I fragmrxrt trcrnpAX2.7. SubstH 
tution rtutafjons of the proposed active ale of Aidlp 
were craalad wfih the use of pC225 and sfte-specrfic 
mutagenasis rnvoMng apprca^ synthr^ cigcru- 
deotides (arfJ-H5B4. 5*<nGCTCACAAAGCGCT- 
GCCAAACCGGC-3*; ax!1-E7lA, 5'<AAGAATCAT* 
GTGCGCACAAAGGTGCGC-3'; and wd1-€7W. 5'- 
AAGAATCATGTGATCACAAAGGTGCGC-3 1 . The 
mutations were conft rned by sequence anarysis. Af- 
ter rrutagenesis. the 0.4-kb Bam HWrfsc I fragment 
from t he rrtAagenfeed pC225 ptasmkts was trans- 
ferred into pA^O. 7 toaeaieaselof p/^l6Dtasrrkb 
carrying difterent AXL 7 aAetes. p124 (a*f7->ffi8A). 
P130 ifixn-e7lAX end pi 32 frfl-E71ty Srmlarty. a 
s« of HVtagged aietas carried on YEp352 vwere cre- 
at ed afte r replacement of the pl5l Bam KMvtsc I 
fragrnent. to generate p!61 tatfi -£71A), pi 62 (ajrfl- 



J^Davts. T. Favero. a de Hoog. and S. Ken tor* 
c ° rnrn »rito on the manuscript Supported by a 
grant to CB. from the Natural Scwrxss and Engi- 
neering Research Council of Canada. Support tor 
M.N.A was from a Caifomia Tobaoco-Aetated Ois- 
ease Research Program postdoctoral tatowshro 
(4FT-0083). 

22 Ajne 1995; accepted 21 August 1995 



Quantitative Monitoring of Gene Expression 
Patterns with a Complementary DNA Microarray 

Mark Schena,* Dari Sha!on t *t Ronald W. Davis, 
Patrick O. Brown* 

A high-capacity system was developed to monitor the expression of many genes In 
parallel. Microarrays prepared by high-speed robotic printing of complementary DNAs on 
glass were used for quantitative expression measurements of the corresponding genes, 
Because of the small format and high density of the arrays, hybridization volumes of 2 
microliters could be used that enabled detection of rare transcripts In probe mixtures 
derived from 2 micrograms of total cellular messenger RNA. Differential expression 
measurements of 45 ArabidopsJs genes were made by means of simultaneous, two-color 
fluorescence hybridization. 



The temporal, developmental, topographi- 
cal, histological, and physiological patterns 
in which a gene is expressed provide clues to 
its biological role. The large and expanding 
database of complementary DNA (cDNA) 
sequences from many organisms (]) presents 
the opportunity of defining these patterns at 
the level of the whole genome. 

For these studies, we used the small flow- 
ering plant Arabidopsis thduma as a model 
organism. Arabidopsis possesses many ad- 
vantages for gene expression analysis, in- 
cluding the fact that it has the smallest 
genome of any higher eukaryote examined 
to date (2). Forty.fi ve cloned Arabidopsis 
cDNAs (Table 1), including 14 complete 
sequences and 31 expressed sequence tags 
(ESTs), were used as gene-specific targets. 
We obtained the ESTs by selecting cDNA 
clones at random from an Arabidopsis 
cDNA library. Sequence analysis revealed 
that 28 of the 31 ESTs matched sequences 

M. Schena and Ft. W. Davts. Department of Btocherristry. 
Beckman Center. Stanford UrWenyry Medical Center. 
Stanford. CA 94305. USA. 

D. Sharon and P.O. Brc^ Department of Bocnernistry ' 
and Howard Hughes MecScal Institute, Beckman Cento-. 
Stanford University Medical Center. Stanford. CA 94305 
USA. 

•These authors contributed equaty to this work, 
t Present address: Syntani, Peio Alto. CA 94303. USA. 
*To whom ccrrespcodence should be addressed. E- 
mai: ptrownecmgm.stonlord.edu 



in the database (Table 1). Three additional 
cDNAs from other organisms served as con- 
trols in the experiments. 

The 48 cDNAs, averaging -1.0 kb, 
were amplified with the polymerase chain 
reaction (PCR) and deposited into indi- 
vidual wells of a 96-well microtiter plate. 
Each sample was duplicated in two adja- 
cent wells to allow the reproducibility of 
the arraying and hybridization process to 
be tested. Samples from the microtiter 
plate were printed onto glass microscope 
slides in an area measuring 3.5 mm by 5.5 
mm with the use of a high-speed arraying 
machine (3). The arrays were processed by 
chemical and heat treatment to attach the 
DNA sequences to the glass surface and 
denature them (3). Three arrays, printed 
in a single lot, were used for the experi- 
ments here. A single microtiter plate of 
PCR products provides sufficient material 
to print at least 500 arrays. 

Fluorescent probes were prepared from 
total Arabidopsis mRNA (4) by a single 
round of reverse transcription (5). The Ara- 
bidopsis mRNA was supplemented with hu- 
man acetylcholine receptor (AChR) mRNA 
at a dilution of 1 : 10,000 (w/w) before cDNA 
synthesis, to provide an internal standard for 
calibration (5). The resulting Auorescenrjy 
labeled cDNA mixture was hybridized to an 
array at high stringency (6) and scanned 
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with a laser (3). A high-sensiriviry scan gave 
signals that saturated the detector at nearly 
all of the Arcbidopsu target sites (Fig. 1A). 
Calibration relative to die AChR mRNA 
standard (Fig. 1A) established a sensitivity 
limit of - 1 : 50,000. No detectable hybridiza- 
tion was observed to either the rat glucocor- 
ticoid receptor (Fig. 1A) or the yeast TRP4 
(Fig. 1A) targets even at the highest scan- 
ning sensitivity. A moderate-sensitivity scan 



of the same array allowed linear detection of 
the more abundant transcripts (Fig. IB). 
Quantitation of both scans revealed a range 
of expression levels spanning three orders of 
magnitude for the 45 genes tested (Table 2). 
RNA blots (7) for several genes (Ftg. 2) 
corroborated the expression levels measured 
with the microarray to within a factor of 5 
(Table 2). 

Differential gene expression was invesri- 
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gated with a simultaneous, two-color hy^ 
bridiiation scheme, which served to mini- 
mixe experimental variation inherent in the 
comparison of independent hybridizations. 
Fluorescent probes were prepared from two 
mRNA sources with the use of reverse tran- 
scriptase in the presence of fluorescein- and 
lissamine-labeled nucleotide analogs, re- 
spectively (5). The two probes were then 
mixed together in equal proportions, hy- . 
bridued to a single array, and scanned sep- 
arately for fluorescein and lissamine emis- 
sion after independent excitation of the two 
fluorophores (3). 

To test whether overexpression of a sin- 
gle gene could be detected in a pool of total 
Arabuiopsis mRNA, we used a microarray to 
analyze a transgenic line overexpressing the 
single transcription factor RAT* (8). Fluo- 
rescent probes representing mRNA from 
wild-type and HAT4-transgenic plants were 
labeled with fluorescein and lissamine, re- 
spectively; the two probes were then mixed 
and hybridized to a single array. An intense 
hybridization signal was observed at the 
position of the HAT4 cDNA in the lissa- 
mine-specific scan (Fig. ID), but not in the 
fluorescein-specific scan of the same array 
(Fig. IC). Calibration with AChR mRNA 
added to the fluorescein and lissamine 
cDNA synthesis reactions at dilutions of 
1:10,000 (Fig. 1C) and 1:100 (Fig. ID), 
respectively, revealed a 50-fold elevation of 
HAT4 mRNA in the transgenic line rela- 
tive to its abundance in wild-type plants 
(Table 2). This magnitude of HAT4 over- 
expression matched that inferred from the 
Northern (RNA) analysis within a factor of 
2 (Fig. 2 and Table 2). Expression of all the 
other genes monitored on the array differed 
by less than a factor of 5 between HAT4- 
transgenic and wild-type plants (Fig 1, C 
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Fifl.1. Gene express monrtoredwimtr« use c4 
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moderate sensitivity. (C and D) A single array was probed withe 1:1 fr^J^^^^^^ 
from wfld-rype plants and fesan^Hlabeied cDNA from HAT4 -transgenic piar^^^y^s 
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corresponding to mRNAs expressed in leaves (F). nuorescence 
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CABl 



HAT4 



ROC1 



1.0 o.i rxoi i.o ai 0.01 

mRNA OiQ) 

Human 
AChR 

20 2J0 
mRMA(ng) 

Rg. 2. Gene expression monitored with RNA 
(Northern) blot analysis. Designated amounts of 
mRNA from wild-type and HA T4 -transgenic 
plants were spotted onto nylon membranes and 
probed with the cDNAs indicated. Purtfied human 
AChR mRNA was used tor cafibration. - 



and D, and Table 2). Hybridization of flu- 
orescein-labeled glucocorticoid receptor 
cDNA (Kg. 1C) and lissamine-labeled 
TRP4 cDNA (Fig. ID) verified the ores- 
ence of the negative control targets and the 
lack of optical cross talk between the two 
fluorophores. 

To explore a more complex alteration in 
expression patterns, we performed a second 
two-color hybridization experiment with 
fluorescein- and lUsamine- labeled probes 
prepared from root and leaf mRNA, respec- 
tively. The scanning sensitivities for the 
two fluorophores were normaliied by 
matching die signals resulting from AChR 



mRNA, which was added to both cDNA 
synthesis reactions at a dilution of 1:1000 
(Fig. I E and F). A comparison of the scans 
revealed widespread differences in gene ex- 
pression between root and leaf tissue (Fie 1 

lated CAB! gene was -500-fold more abun- 
dant in leaf (Fig. IF) than in root tissue 
(Hg. IE). The expression of 26 other genes 
differed between root and leaf tissue by 
more than ia factor of 5 (Fig. 1, E and F). 

l he HAT^-transgenic line we examined 
has elongated hypocotyb, early flowering, 
^rg^ination, and altered pigmentation 
W. Although changes in expression were 



Table 1. Seouences contained on the cONA micmarrm/ ck^u^ 

ftinctton, andtheaccessionnurnber^ the known a putatrv* 

5 tris audy matched a sequence nine cS^^^SSraS^ 1 ti^ee of the KT S used 
c^udeotide; ATPase, adenosine ^Pt^^ t ^J^^^^ ocotiaamide adenr* 



Position 



CONA 



Function 



a1.2 
a3.4 
a5. 6 
a7, 8 
a9, 10 
ail, 12 
bl.2 
63, 4 
b5.6 
b7.8 
b9, 10 
511.12 
C1.2 
C3.4 

C5.6 

C7,8 

c9, 10 

CM. 12 

d1.2 

d3,4 

d5,6 

d7.8 

09, 10 

d11, 12 

el.2 

e3,4 

e5,6 

e7,8 

e9, 

e11 

«. ; 

t3,< 
f5 

f7,8 
f9. 10 
111.12 
91.2 
93,4 
9^.6 
97.8 
99,10 



10 
12 



6 



911 
hi. 2 
h3.4 
h5, 6 
h7,8 
h9. 10 
h11 



12 



12 



AChR 

EST3 

EST6 

AAC1 

EST12 

EST13 

CAB 

EST17 

GA4 

EST19 

GBF-1 

EST23 

ES729 

GBF-2 

EST34 

EST35 

EST41 

rGR 

EST42 

EST45 

HAT1 

EST46 

EST49 

HAT2 

HAT 4 

EST50 

H47S 

EST51 

HAT22 

EST52 

EST59 

KNAT1 

E5T60 

E5T69 

PPH1 

EST70 

EST75 

EST 78 

ROC1 

EST82 

ESTB3 

EST84 

EST91 

EST96 

SARI 

EST100 

EST 103 

7HP4 



Human AChR 
Actin 

NADHc^rryorogenase 
Actin 1 

Unknown 
Actin 

Chlorophyll a/b binding 
PhosphogJycerate kinase 
GbbereBic acid biosynthesis 
Unk)own 

6-box binding factor 1 
Elongation factor 
Aldolase 

G-box binding factor 2 
ChJoropJast protease 
Unknown 



Accession 
number 

H36236 
227010 
M20016 
U36594T 
T45783 
M85150 
T44490 
L37126 
U36595t 
X63894 
X52256 
TD4477 
X63895 
R87034 



Rat glucocorticoid receptor 

Unknown 

ATPase 

Hcfneobox-leuclne zipper i 
Light harvesting complex 
Unknown 

Hcmeobc* -leucine zipper 2 
Homeobcw-teuane zipper 4 
Phosphoribuk5kinase 
Homeobc*-teucine zboer 5 
Unknown 

Honieobox-leucine zipper 22 
Oxygen evolving 
Unknown 

Knotted-ike homeobox 1 
RuBisCO small subunft 
Translation elongation factor 
Protein phosphatase 1 
Unknown 

ChJoroplast protease 
Unknown 
Cyctophffin 
GTP binding 
Unknown 
Unknown 
Uiknown 
Unknown 
Synaptobrevin 
' Lighl harvesting comptex 
Ught harvesting complex 
Yeast tryptophan biosynthesis 



T14152 
T22720 
M14053 
U36596t 
J04185 
U09332 
T04063 
T76267 
U09335 
M90394 
T04344 
M90416 
233675 
U09336 
T21749 
234607 
U14174 
X14564 
T42799 
U34803 
T44621 
T43698 
R65481 
L14844 
X59152 
233795 
T45278 
T13832 
R64816 
M 904 16 
218205 
X03909 
X04273 



observed for HAT4> large change, in ex- 
pression were not observed for any of the 
other 44 genes we examined This was 
somewhat surprising, particularly because 
comparative analysi, of leaf ami root tissue 
identified 27 differential expressed genes 
Analysis of an expanded set of genes may be 
required to identify genes whose expression 
changes upon HAT* expression; alter- 
natively, a comparison of mRNA popula- 
te** from specific tissue, of wilcUype and 
HAT^^ransgenic plants may allow idenri- 
tication of downstream genes. 

At^cujrentdensityofroboticp 
it is feasible to scale up the febricarion pnt 
cess to produce arrays couaining 20,000 
cDNA mrgec. At this densityTa^le anay 
would be sufficient to provide genetipecific 
targets encompassing nearly the entire rep. 
ertoire of expressed genes in the AntfcW* 
genome (2) The availabibty of 20,274 E5T& 
horn Arabidopsis (1, 9) would provide a rich 
source of templates for such studies. 

The estimated 100,000 genes in the hu- 
man genome (10) exceeds the number of 
Arabidopsis genes by a factor of 5 (2). This 
modest increase in complexity suggests that 
similar cDNA microarrays, prepared from 
^rapidly growing repertoire of human 
ESTs (J), could be used to determine the 
expression patterns of tens of thousands of 
human genes in diverse cell types. Coupling 
an amplification strategy to the reverse 
transcripnon reaction (U) could make it 
feasible to monitor expression even in 
minute tissue samples. A wide variety of 
acute and chronic physiological and patho- 
logical conditions might lead to character- 
istic changes in the patterns of gene expres- 
sion in peripheral blood cells or other easily 
sampled tissues. In concert with cDNA mi- 
croarrays for monitoring complex expres- 
sion patterns, these tissues might therefore 
serve as sensitive in vivo sensots for clinical 
diagnosis. Microarrays ofcDNAs could thus 
provide a useful link between human gene 
sequences and clinical medicine. 



Table 2. Gene expression monitorhg by rrocroar. 
ray and £NA Wot analyses; tg, HAU^^ 
See Table 1 for additional gS* htormatt^ 

ray scans (Rg. 1): values for the RNA btotwe 
determined from RNA btots (fig. 2). 



Gene 



Expression level (w/W) 



MicroarrBy 



RNAbtot 



•Propose sec^nca a S.a^ene M ^a. 0*^7 tNo match n the database; revel EST!" 
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CAB] 
CAB!(l$ 
HAT 4 
HAT4 (tg) 
ROC1 
ROC1 (tg) 



1:48 

1:120 

1:8300 

1:150 

1:1200 

1560 



1:83 

1:150 

1:6300 

1:210 

1:1800 

1:1300 
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HQ and 1 mM EDTA, pH 8.0). Samples were then 
heated tar 3 rrtn at G4"C and cnOed on ice. The RNA 
was degraded by adding 025 pJ of 10 N NaOH 
foiowed by a 10-mh hcubetton at 37*C. The sam- 
ples were neutrafeed by addition of 2.5 pi of 1 M 
tris-O (pH ao) and 0.2S pi of 10 N HO end precp- 
ttated with ethanoL Petals were washed wtth 70% 
ethanot. dried to completion in a speedvac, resus- 
pended in 10 id of H^O, end reduced to 3.0 pi to a 
speedvac. Ruorescent nucteodda analogs were ob- 
tained from New England Nuclear (DuPont). 

6. Hybridizaticnreactk)nsccntair^ 

COMA synthesis product (5) and 1 jO uJ ofhybntfeatlon 
butter (lOx caene sodum citrate (SSC) and 02% 
SOS}. The 2XhJ probe mtaures wore alquoted onto 
the iiBjuenay surtace and covered with cover &fps 
(12 mm round). Airays were transferred to a hybrid- 
ization chamber 0) and tocubetad tor 18 hours at 
65"C Arrays wore washed tor 5 min at room temper- 
ature (25*Q In lew-stringency wash buffer (ix SSC 
and 0.1 % SDS), than tor 1 0 mh at room temperate 
in hig>«tringancy wash buffer (0.1 x SSC and 0.1% 
SOS). Arrays were scanned to 0.1 x SSC with the use 
of a fluorescence taser-scanrartg device (3]. 

7. Samples of pory<A)- mRNA K 5) were spotted onto 
nyton nwrrtoranes (Nytran) and crossfinked with ul- 
traviolet Sght with the use of a Stratafriker 1800 
(Stratagene). Probes were prepared by random 
purring wtth the use of a Pnme-fi U kit fStratagene) rj 
the presence of ("PJdATP. Hybridizations were car- 
ried out according to the instructions of the manu- 



tacturer. Quantitation was performed on a Phos- 
phorimager (Motecubf Ovnamics). 
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12. The bser ftxrescent scanner was cfes^wd and W)ri» 
C ^!lf°? so, * tion a Srmy 01 Stantord UWvw 
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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA" Immunodeficient Patients 

Claudio BordignorV Luigi D. Notarangelo, Nadia Nobili, 
Qiuhana Ferrari, Giulia Casorati, Paola Panina, Evelina Mazzolari 
Daniela Maggioni, Claudia Rossi, Paolo Servida. 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) deficiency results in severe combined Immunodeficiency 
u! Ji^rTT d,sord ^ treated b y 9*ne therapy. Two different retroviral vectors were 
bl^t^^ eX r° ^ hum f n ™ A mlnl 9 ene into ^ narrow ceils and peripheral 
ao?l&^ undergoing exogenous enzyme replacement ther- 

«nn ™ f V ° 1 tf8atme ' U ion 9* terTT1 surviva * of T and B lymphocytes, marrow cells, 
f« Zf^ ^ es . express,ng me K™**""* ADA gene was demonstrated and resulted 

After ^dtscorrt,nuation of treatment, T lymphocytes, derived from transduced peripheral 
blood Vmphocytes, were progressively replaced by marrow-derived T cells in both pa- 
tients. These results indicate successful gene transfer into long-lasting progenitor cells, 
producing a functional multilineage progeny. 



Severe combined irnmuriodeficiency asso- 
ciated with inherited deficiency of ADA 

(1) is usually fetal unless affected children 
are kept in protective isolation or the im- 
mune system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLAMdentical sibling donor 

(2) . This is the therapy of choice, although 
it is available only for a minority of patients. 
In recent years, other forms of therapy have 
been developed, including transplants from 
haploidencical donors (3, 4) f exogenous en- 
zyme replacement (5), and somatic-cell 
gene therapy (6-9). 

We previously reported a preclinical mod- 
el in which ADA gene transfer and expression 
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successfully restored immune functions in hu- 
man ADA-deficient (ADA") peripheral 
blood lymphocytes (PBLs) in immuJKidefl- 
cient mice in vivo (10, 11). On the basis of 
these preclinical results, the clinical applica- 
tion of gene therapy for the treatment of 
ADA" SOD (severe combined mununodefi- 
ciency disease) patients who previously failed 
exogenous enzyme replacement therapy was 
approved by our Institutional Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioethics (12). In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
. the relative role of PBLs and hematopoietic 
stem cells in the long-term recorutiturion of 
immune functions after retroviral vector-me- 
diated ADA gene transfer. For this purpose, 
two structurally identical vectors expressing 
the human ADA complementary DNA 
(cDNA), distinguishable by the presence of 
alternative restriction sites in a nonfunctional 
region of the viral long-terminal repeat 
(LTR), were used to transduce PBLs and bone 
marrow (BM) cells independently. This pro- 
cedure allowed identification of the origin of 



